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Single-family residential (SFR) outdoor water use can account for the majority of total and peak SFR use of public supply, especially during drier months in warmer climates (Haley & Dukes 2010; Palenchar, 2009; Whitcomb, 2006; Chesnutt et al, 2004; Marella, 2004; Mays, 2002; Vickers, 2001; Mayer et al, 1999; Dziegielewski et al, 1993) . Direct measurements of SFR water use patterns for a sample of 1,188 homes across 12 North American cities (Table 1) showed that SFR irrigation water use ranges from only about 10% of indoor water use in Waterloo, Ont., to 270% of indoor water use in Las Virgenes Water Utility in Southern California (Mayer et al, 1999) . In contrast, indoor water use is homogeneous across North America, with a coefficient of variation of only 0.12. The predominance of outdoor use is likely to increase as a result of the growing popularity of inground sprinkling systems (Palenchar, 2009) , whereas indoor use is declining because of recent technological improvements in indoor devices (DeOreo and Mayer, 2012) . Because significant seasonal and spatial variability occur as a result of a wide range of factors influencing irrigation practices-including climate, price signals, individual irrigation practices, irrigation restrictions, irrigation technology, and so on-outdoor water use can be much more challenging to predict than indoor use. This article describes a parcel-level database approach toward estimating outdoor water use at the household level that can greatly reduce error associated with depicting the nature of outdoor water use and associated demand management potential.
Recent advances in database technology and reporting in Florida make it possible to link parcel attribute metadata for every parcel in the state with monthly water use billing data for each parcel in specific test utilities. Each of the 67 counties in Florida submits property appraisal information to the state annually. This information is presented in a consistent format for each county for each of 64 land-use sectors. A major advantage of a consistent statewide land-use database is that sectors such as SFR are defined consistently. Many utilities don't have land-use data for customers and rely on meter sizes to estimate the type of user, e.g., a utility may assume 5 8-and ¾-in. meters represent single-family residences. This may or may not be correct.
Given outdoor water use and irrigable area, application rates can be determined using Eq 1. Average annual irrigation water use by the i th customer, QO(i) , is the product of the irrigated area multiplied by the average application rate:
in which QO(i) = irrigation water use by the i th customer (gpd/ account), k = 1.708 conversion factor, AR(i) = average irrigation application rate (in./year), IA(i) = irrigable area (1,000 sq ft). The irrigable area is directly known for every SFR parcel through property appraisal data on parcel area and impervious area. The proportion of the irrigable area that is irrigated ranges between 0 and 1, with a default value of 1.0. Customer billing data for Gainesville Regional Utilities (GRU) were used to estimate total outdoor water use per home for 30,903 homes. For the 1,402 homes with separate potable indoor and outdoor meters, potable irrigation water use is known directly. Otherwise, outdoor water use was determined via hydrograph separation, as shown in Eq 2. Indoor water use estimates were generated using an end-use modeling framework described elsewhere .
QO(i) = QT(i) -QI(i)
The Conserve Florida Water Clearinghouse has developed Internet-based software called EZ Guide to assist Florida water utilities in evaluating water use efficiency. This modeling approach estimates single-family outdoor water use for every parcel using a uniform statewide property appraisers' database to estimate irrigated area for each parcel. Billing data are needed to estimate the irrigation application rates for each parcel, although few utilities have used the available data for this purpose. Analyses using these unique databases for a benchmark utility in Florida provide new insights into the overall impact of single-family outdoor water use and cost-effective management options. A key result is that only a small percentage of homes are large irrigators, which makes them candidates for irrigation best management practices. However, this study also shows a dramatic rise in the prevalence of inground sprinkler systems over the past few decades, which has led to increased irrigation application rates.
in which QT(i) = measured daily total water use by the i th customer (gpd/account) and QI(i) = estimated or measured daily indoor water use by the i th customer (gpd/account). Additionally, some SFR customers have private irrigation wells. The identity of these customers is unknown; thus this use is not metered. Other SFR customers in GRU rely on reuse water for irrigation. About 700 of these have reuse meters. These nonpotable irrigators are not addressed here because this article focuses on potable irrigation.
PARCEL-LEVEL OUTDOOR WATER USE TRENDS
Some 1,402 SFR customers in GRU have dual meters and thus separately measured indoor and outdoor water use. The billing data for water year 2008 depict the nature of monthly indoor and outdoor water use patterns (Figure 1 ). The total water use of these customers with dual meters is shown in the left side of the figure. Monthly indoor water use is relatively stable at about 180 gpd/account. Outdoor water use, however, varies widely from month to month-ranging from a low of about 200 gpd/ account in January to about 750 gpd/account in May, with an annual average of about 600 gpd/account. It was assumed that outdoor water use is primarily attributable to irrigation, although uses such as filling swimming pools, car washing, power cleaning, and so forth may constitute a small percentage of outdoor use. Thus, more than 75% of annual average water use and 80% of May peak use is for irrigation among dualmetered customers. For GRU, seasonal residents do not have a significant impact on seasonal water use patterns for indoor water users, because indoor use showed little variability. Seasonal outdoor water users with inground irrigation systems can continue to use water while they are not home to maintain their landscapes. Thus, it seems safe to assume that the vast majority of SFR outdoor water use is for irrigation.
The indoor and outdoor water use patterns for the 29,501 single-meter SFR houses in GRU show a dramatically different blend of indoor and outdoor water use, with outdoor water use constituting an average of only about 20% of total water use, as shown in the right side of Figure 1 . These large differences in outdoor water use are due to dual-metered customers being atypical of the utility as a whole. However, estimated average indoor water use for single metered residences using the minimum month method is the same as for the dual-metered customers, showing the consistent nature of indoor water use. Indoor water use estimates can be improved using an end-use modeling framework less indoor water compared with GRU as a whole because these homes are relatively new and have more efficient indoor fixtures. These phenomena are directly captured for each parcel using the indoor water end-use model that allows for a more accurate analysis of outdoor water use. A prominent driver of future residential irrigation trends is the recent prevalence of installing sprinkler systems in newly constructed homes. For GRU, inground sprinklers have gone from being installed in fewer than 10% of new homes before 1983 to the present pattern of them being installed in nearly 90% of new homes (Figure 2 ). This trend can be expected to have a major impact on water demand if these homes are using potable water from the utility. Comparative statistics for inground sprinkler customers are shown in Table 2 . Approximately 76% of customers with inground irrigation systems irrigate significantly from the potable supply, compared with only 44% of customers without an inground system. Additionally, the average inground irrigation application rate is 43% higher than in SFRs without an in-ground system (Table 2) . Inground sprinklers tend to be installed in larger, more affluent homes.
An irrigator is defined as a customer whose application rate is ≥ 1 in./year. A lower bound irrigation application rate of 1 in./ year is used because many customers have a positive but very small application rate. Similarly, the few customers with application rates of more than 100 in./year were treated as outliers and were excluded from this analysis.
Analogously, minimum and maximum bounds were placed on the irrigable area of 1,000 and 100,000 sq ft, respectively. These filters removed 7% of the total customer population and 18% of the total irrigable area. With these criteria, a total of 16,303 of 30,903 (53%) of GRU customers are irrigators.
The GRU data in Figure 2 regarding the market penetration of inground sprinkling systems can be used to estimate the prevalence of inground systems in other utilities. The relative mix of old and new homes within a community dictates current and future irrigation trends. For GRU, about 27% of all SFR's now have inground irrigation systems (Figure 2 ). Because about 90% of new homes are being constructed with an inground sprinkler system, this percentage will continue to rise.
Given this excellent database, estimating the percentage of homes for each year with irrigation systems is straightforward. The pre-1952 era represents negligible inground sprinkler installation. Two distinct linear trends were fit for the periods 1952 periods to 1982 periods and 1983 periods to 2007 . These trends were fit using constrained regression to ensure continuity at the breakpoint year of 1982, as shown in Eq 3. The resulting fits are shown in Eq 4. The latter equation can be extrapolated through 2011, with an expected saturation of 90% of homes built after 2011 having inground sprinkler systems. Because of the disparity in irrigation practices among customers, billing and associated property-attribute data for the utility as a whole are essential for determining which customers have significant outdoor water use. However, this information is only available for a small percentage of utilities. Dual-metered and inground sprinkler system customer data provide insight regarding the relative importance of indoor and outdoor use, although water use patterns for these customers are atypical of the population as a whole. This assessment of outdoor water use patterns is based on a detailed analysis of monthly water use billing and customer-attribute data for the GRU SFR customers. These benchmark results can be used to supplement available information regarding outdoor water use without using billing data. However, utilities are strongly encouraged to link property appraiser data to customer billing data because it provides significant additional value for evaluating outdoor water use trends as well as use trends in other sectors of urban water systems.
DESCRIPTION OF PARCEL-LEVEL END-USE DATABASE
The generation of a parcel-level end-use database is a critical first step in evaluation of urban water demand for a given area. Development of the Florida parcel level end-use database involved two major steps-(1) generation of a standardized statewide parcel level database using data sources available for all 8.8 million parcels in Florida and (2) generation of benchmark utility databases that allow for enhanced analysis and are available only on a case-by-case basis. Generation of statewide parcel-level database using common data sources. Two primary sources used for urban water demand analysis that contain data available for all 8.8 million parcels in Florida are the Florida Department of Revenue (FDOR) statewide tax assessors' database and US Census block data.
The FDOR statewide tax assessors' database contains standardized property attributes for all parcels in Florida, which is the fundamental building block of parcel-level water use analysis. It is assumed that these databases are generally of high quality because they are carefully audited to ensure accurate property value assessments. Additionally, this dataset provides a standardized method for classifying parcels into water use sectors based on well-defined land-use codes rather than using approximations based on attributes such as meter size. These data are available on an annual basis from 2009 to the present as geo-referenced geographic information system (GIS) shapefiles linked to tabular attribute files. FDOR provides separate links to the GIS parcel shapefile and tabular attribute files. The GIS parcel shapefile contains only the parcel identification (ID), which can be linked to the attribute table to generate the complete dataset. Significant effort was involved in geo-referencing paper maps into digital files for use within GIS. For details please refer to the following The only block-level estimate included in the database is the estimated persons per residence and occupancy that comes from US Census block data. A residential census block contains about 20 to 25 parcels, so it is assumed that it should provide a fairly reliable estimate of the number of people per single-and multifamily residences. Census block data are available for the entire United States at the following website: http://www.census.gov/geo/mapsdata/data/tiger.html. Census block data are available as GIS shapefiles that have been updated annually from 2007 to the present and that include updated data from the recent 2010 census in the 2012 version of these files. As with FDOR data, a rigorous initial georeferencing process was undertaken to generate the initial digitized files. A detailed description of this process is available at: http:// www.census.gov/geo/maps-data/data/tiger-line.html.
Significant effort is required to join the FDOR spatial GIS files with tabular files and then spatially link the FDOR parcel database with the US Census block database. The Florida Geographic Data Library (FGDL) of the University of Florida's GeoPlan Center refines and distributes both of these sources. Additionally, FGDL provides the linking census block ID for each parcel as a result of a spatial join in GIS between parcel centroids and census block boundaries. FGDL conducts extensive quality assurance/ quality control (QA/QC) and provides complete metadata for all source data and data processing. The resulting data can be downloaded directly at the following website: http://www.fgdl.org/ metadataexplorer/explorer.jsp. FGDL provides FDOR parcel data linked to US Census data for 2009 to 2012. This database is compiled and updated annually by the FGDL urban water systems group for use with its EZ Guide software (www.conservefloridawater.org). The 
FIGURE 2
Long-term trends regarding the popularity of inground sprinkler systems in Gainesville, Fla. Table 3 . This database structure can be used for end-use evaluations for any urban water sector. For example, Morales et al (2011) show how such data can be used to analyze end uses for the commercial, industrial, and institutional sectors. For a complete list of fields applicable to residential parcel level urban water analysis, refer to Friedman et al (2011) .
Generation of benchmark utility databases. An address-based geocoding algorithm was used to join customer billing data to the FDOR and Alachua County Property Appraiser (ACPA) parcel data. Ideally, a utility will keep track of the parcel ID when a new meter is installed to create a direct link between customer billing and parcel data without the need to perform after-the-fact geocoding based on addresses. Typically, a utility will maintain a tabular file of meter installations and associated addresses for meterreader route scheduling. Additionally, a link between physical meter location and customer consumption data is needed to ensure proper billing. Geocoding meter locations based on address matching to a reference address service can be executed within the GIS. The process works similarly to address location algorithms within web services such as Google Maps. Potential errors in this process arise either when addresses do not match or when the geocoded meter location is positioned on a street rather than within parcel boundaries, which is necessary to then link to parcel data. In general, single-family homes are less prone to error than other sectors because there is generally one meter per parcel. For GRU, geocoding accuracy data was unavailable because GRU directly provided data post geocoding. However, extensive QA/QC of the final GRU database was performed to ensure source data as well as linkages were accurate.
Additional attributes contained in this benchmark database for 30,903 residential homes in GRU are shown in Table 3 . Critical fields such as associated impervious areas, number of bathrooms, number of stories, monthly billing, and so forth, offer added value. These fields are added as an extension of the m × n matrix for GRU parcels.
These benchmark results can supplement available information regarding outdoor water use without using billing data if only statewide input data are available. Given the increasing availability of property appraisal databases and advances in database and GIS technology, this data-driven approach can be used elsewhere because the required model inputs shown in Table 3 are becoming more prevalent. Additionally, such databases can be used for related applications such as development of water budget-based rate structures .
DATA-DRIVEN IRRIGABLE AREA APPROACH
Directly measured areas from the county and state property appraisal databases are used to estimate irrigable area. The basic method is to estimate irrigable area as the difference between total and impervious area, both of which are determined from the property appraisal databases. Total and heated areas are available statewide. The proportion of the irrigable area that is irrigated ranges between 0 and 1, with a default value of 1.0. Irrigated area is difficult and expensive to determine for every customer in a utility. Irrigated areas at the parcel level can be directly determined by digitizing over high-resolution aerial imagery, provided it is not hidden by tree cover (Milesi et al, 2005) . However, this method is time-consuming and relies on discerning impervious areas from pervious areas, which can be challenging. Newer methods use a combination of parcel geometry, multispectrum aerial imagery, and high-frequency elevation data from light detection and ranging (LIDAR) techniques (Zhou & Troy, 2008) . These methods require highly detailed imagery and LIDAR in order to accurately classify parcel subareas. As the national LIDAR database is developed, this may prove to be an efficient and even more accurate method to determine actual irrigated area and differentiate between turf, shrub, and tree cover. Because of these current limitations, irrigable area is an appropriate unit of size for parcel-level outdoor water use analysis, which can be determined using the methodology explained here. Accordingly, irrigated area is assumed to equal irrigable area. This assumption appears reasonable because overspray to 
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Irrigable Area of Total Lot-% 1 9 4 0 1 9 4 5 1 9 4 9 1 9 5 3 1 9 5 7 1 9 6 1 1 9 6 5 1 9 6 9 1 9 7 3 1 9 7 7 1 9 8 1 1 9 8 5 1 9 8 9 1 9 9 3 1 9 9 7 2 0 0 1 nonirrigated areas is a common feature of irrigation systems and can be expected to offset the fact that irrigated area may be less than irrigable area. The irrigable area of an SFR parcel is the calculated residual of total parcel area minus the footprint of the heated and unheated portions of the primary structure, the associated impervious area, and the nonapplicable area, or
in which IA = irrigable parcel (pervious) area (sq ft), TA = total parcel area (sq ft), FS = footprint of the heated and unheated portions of the primary structure on the parcel (sq ft), AIA = associated impervious areas (e.g., drive/walkways) on the parcel (sq ft), and NA = nonapplicable (e.g., lakes, wetlands) or other area (sq ft). Additional information about each of these parameters is provided in the following sections. TA. Direct reporting of TA within county property appraisal databases is inconsistent. Fortunately, FDOR provides annual GIS parcel geometries electronically as shapefiles for nearly every parcel in the state of Florida. TA for every parcel can be calculated simply using commercially available software tools. 1 Long-term trends in TA for GRU from 1940 to 2007 are shown in Figure 3 . The total area is the sum of the irrigable and the impervious areas for the houses built in the indicated year.
FS. This term refers to the heated and unheated impervious areas of the primary structure on a parcel. Data for FS were estimated as a function of heated area and the number of stories. The resulting relationship is shown in Eq 6. This function accounts for unheated first-floor area with the 1.1346 coefficient.
in which FS= footprint of structure (sq ft), HA = total heated area of structure (sq ft), and N = number of stories. AIA. AIA refers to all miscellaneous features of a single-family parcel that are not part of the primary structure. Table 4 summarizes the major components of AIA for 16,303 GRU irrigators. These individual areas are measured directly by the ACPA. For GRU, driveways and walkways account for 54% of total AIA, with decks, patios, pools, and screened enclosures and porches comprising most of the remaining AIA. The average AIA-to-HA ratio is 0.76 for GRU.
NA. In order to eliminate parcel subareas that are not applicable to analysis for irrigation, a distinction must be made between the applicable and nonapplicable parcel areas. The issue arises occasionally with larger parcels where a portion of the parcel is a lake, wetland, or forest easement. Typically these areas are not reported
FIGURE 4
Three-year centered moving average for various components of parcel area 5,000 0 1 9 8 0 1 9 8 1 1 9 8 2 1 9 8 3 1 9 8 4 1 9 8 5 1 9 8 6 1 9 8 7 1 9 8 8 1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 in the property appraiser's database. It is possible to directly measure these areas by overlaying the parcel geometry on current aerial imagery and/or land-use maps. However, this can be a timeconsuming task for large datasets such as the 16,303 GRU irrigators. Because nonapplicable areas are only significant for very large lots, it can be reasonably assumed that nonapplicable area is negligible for all parcels within the 100,000-sq-ft irrigable area filter, which is used to remove outliers. Trends in average irrigable area. Given the preceding information on total parcel area and impervious areas, irrigable area was determined for all 16,303 GRU irrigators using Eq 5. Temporal trends in average irrigable area for the 16,303 GRU irrigators in the year they were built are shown in Figure 3 . Two clear trends are evident, with average irrigable area increasing until roughly 1983 and then decreasing steadily from 1984 to present. This reflects the trend toward smaller lots and higher-density construction in recent years. Irrigable area as a percent of total parcel area has trended slightly downward since 1940, as shown in Figure 3 . A three-year centered moving average from 1980 to 2007 (Figure 4 ) further illustrates these trends. Associated impervious areas have slightly declined in recent years, whereas heated area has remained fairly stable in this time period. Eq 7 can be used to predict parcel level irrigable area, given total lot area and effective year built, which are commonly available in property appraisal databases. However, this ratio may vary by utility. Irrigable area distribution for GRU. Subsequent analysis of irrigation application rates for all of the 30,903 SFR customers indicates that only 16,303 or 52.8% of them are significant irrigators. On the basis of the parcel-level irrigable area methodology described previously, the relative frequency histogram of irrigable area was derived for the 16,303 GRU SFR irrigators ( Figure 5 ). The mean irrigable area for GRU irrigators is 12,310 sq ft with a standard deviation of 11,300 sq ft. As described previously, an irrigator is defined as a customer who applies at least 1 in. of water per year to the irrigable area. This probability density function (pdf) can be approximated by a log-normal distribution.
ESTIMATION OF ANNUAL IRRIGATION-APPLICATION RATE
The annual application rate for each irrigating parcel can be calculated using Eq 2 if the total water use, the estimated indoor water use, and the irrigable area for a given home are known. The relative frequency histogram of irrigation application rate for the 16,303 GRU SFR irrigators is shown in Figure 5 . This histogram can be approximated by an exponential pdf. An SFR is considered to be an irrigator if its application rate is at least 1 in. per year. The mean application rate for GRU irrigators is 14.24 in./year with a standard deviation of 14.60 in./year. These results are consistent with similar studies (Dukes, 2012-approximate n = 8,600; Mayer et al, 2009-n = 2,294) .
Trends in household application rates were analyzed to develop a predictive model for determining mean application rate when billing data were unavailable. As a first step in predicting application rate, the relationship between mean theoretical irrigation requirements and mean actual observed outdoor irrigation was analyzed.
Romero and Dukes (2011a) compared estimated irrigation rates of 11 utilities in central Florida with calculated average monthly irrigation requirements from 2001 to 2007. Romero and Dukes estimate actual irrigation as assumed per capita indoor use subtracted from total billed monthly use for the top 50% of users by volume during the period of record. Romero and Dukes calculated required irrigation rates for warm-season turfgrass using a soil-water balance simulation. For a detailed explanation of these irrigation requirement assumptions, refer to Romero and Dukes (2011a) .
These results, along with those for GRU analyzed in this article, are shown in Table 5 . Irrigation demands for Gainesville were obtained from Romero and Dukes (2011b) , which shows net turfgrass irrigation requirements for several areas throughout the state of Florida.
On the basis of the results presented in Table 5 , the ratio of estimated irrigation needs to calculated irrigation needs for the 12 utilities varies within the range of 0.46 to 1.02, with a AIA-associated impervious area, FS-footprint of the heated and unheated portions of the primary structure on the parcel (sq ft), GRU-Gainesville Regional Utilities, HA-total heated area of the structure (sq ft) *Denotes average area and percent occurrence of all other AIA components weighted average of 0.78. A similar value of 0.72 was determined for GRU irrigators. Romero and Dukes (2011a) found the correlation between estimated application rate and irrigation requirements to be statistically significant with at least 95% confidence for seven of the 11 utilities. These results suggest that the mean application rate for SFR irrigation can be reasonably predicted on the basis of monthly irrigation demands that can be predicted using process level modeling.
WATER SAVINGS POTENTIAL OF OUTDOOR BEST MANAGEMENT PRACTICES (BMPS)
The total potential daily water savings, y, is simply the difference between individual outdoor water use before BMP implementation, QO(i) 1 , and individual outdoor water use after BMP implementation QO(i) 2 or:
FIGURE 5
Annual application rates and irrigable areas for 16,303 irrigators served by Gainesville (Fla.) Regional Utilities and their associated probability density functions A BMP can reduce outdoor irrigation demand by decreasing the application rate on a fixed irrigable area. Therefore potential savings are the net difference in application rate before, AR(i) 1 , and after implementation, AR(i) 2 , as shown by Eq 9.
For nonpotable source rebates (i.e., reuse), AR(i) 2 is zero because these customers no longer irrigate from the potable system. Therefore maximum conservation potential is equal to current potable outdoor use for all irrigators. For irrigation control strategies such as audits and soil moisture sensors, AR(i) 2 reflects a target maximum application rate (MAR) for potable irrigation. On the basis of Eq 8, only irrigators who currently irrigate above this threshold are considered because savings are positive only for this subgroup.
A strong negative correlation of -0.27 exists between application rate and irrigated area, indicating that homes with smaller irrigable areas tend to irrigate at higher rates. Isoquants of gallons per day per account as a function of irrigable area and application rate are also shown in Figure 5 . As shown in Figure 1 and Table 1 , average indoor water use in GRU is 163 gpd/account and average outdoor water use for all SFRs is 98 gpd/account (261-163 gpd/account). However, only 16,303 out of 30,903 SFR customers are irrigators. Thus these customers use an average of 186 gpd/account for outdoor water use. The popular rule of thumb for water use in Florida is that indoor and outdoor water use are equal needs to be modified to account for the proportion of customers who are irrigators. The pdf and cumulative distribution function of total outdoor water use, shown in Figure 6 , indicate that outdoor water use of about 48% of the SFR customers exceeds the average indoor water use of 163 gpd/account.
The highlighted horizontal line shown on Figure 5 designates a selected target MAR for an outdoor BMP. In this example, the BMP would reduce all application rates above 25 in./year down to 25 in./year. Homes with application rates under this threshold would not be targeted because water use would increase to 25 in./year with BMP implementation. The number of eligible irrigators as a function of the maximum application rate for GRU is shown in Figure 7 . Applying the two database filters, 1 ≤ IA ≤ 100 and 1 ≤ AR ≤ 100, reduces the 30,903 SFR customers to 16,303 irrigators. If the benchmark application rate is increased to 5 in./year, then the number of irrigators of interest drops to 11,385. If a cutoff of 40 in./year is used, the number of affected irrigators drops to 1,070-only about 7% of the original total. The number of over-irrigators declines exponentially with increasing MAR according to Eq 10. Therefore, selection of an appropriate MAR for the goal of achieving an outdoor BMP greatly affects the number of over-irrigators who should be targeted as well as the potential water savings. For reuse programs, the MAR is clearly equal to zero, eliminating all irrigation. However, for control strategies such as soil moisture sensors and irrigation audits, selection of an appropriate MAR is less obvious. An aggressive approach would be to set MAR equal to the average annual theoretical irrigation requirements for a given region. The MAR can be set above this value, depending on the desired risk aversion. The former approach, taken in a study of 2,294 homes in California, indicates that about 53% of the properties over-irrigate, which is defined to be irrigation with an application ratio of actual to theoretical irrigation above 1.0. (Mayer & DeOreo, 2010) . Soil-moisture sensors were installed in all of these California homes, regardless of whether they irrigated above or below theoretical requirements. The net effect of increasing water use for 47% of the California properties that were under-irrigating and reducing water use on the 53% of the homes that were over-irrigating was a net reduction in water use of only 6.1%. These results stress the importance of identifying the subset of the irrigators who are over-irrigating and evaluating the efficiency of outdoor BMPs for only this group.
A comparison of the California soil-moisture sensor study with the 16,303 GRU irrigators in this study is shown in Table 6 . The results of the GRU study indicate the presence of far fewer irrigators above theoretical needs (23.4%) as compared with the 54.4% from the California study. The mean irrigable area for GRU is 12,310 sq ft, compared with 28,384 sq ft in the California study. Figure 5 indicates that only 9% of the GRU irrigators exceed the average California irrigated area. These results suggest Romero and Dukes (2011b) that more small irrigators exist than previously thought. One possible explanation is that small irrigators, which account for the majority of irrigators based on the GRU parcel-level irrigation analysis, may not have been well-represented in the California study. Dukes (2012) also suggested that the results of the California study may not be representative of the utility population as a whole. The results of this study offer improved estimates because outdoor water use was directly evaluated for all SFR homes in GRU as opposed to a cross-sectional sample.
OUTDOOR WATER SAVINGS PRODUCTION FUNCTION
On the basis of the water savings per home derived from Eq 9, a cumulative water savings performance function of a given outdoor BMP with a specified MAR can be approximated by an exponential function of the form:
in which y = cumulative water savings (gpd), y max = maximum cumulative water savings (gpd), k = rate constant, x = number of homes targeted for BMP, x max = number of eligible homes to target for BMP.
A simple optimization problem is solved to find the value of k that minimizes the mean squared error between the measured data and the equation estimate. Best-fit production functions for GRU over-irrigators from an outdoor BMP with an MAR of 1, 25, and 40 in./year, respectively, are shown in Figure 7 . The fit is very good, with R 2 values above 0.99. The best-fit parameters of these functions are shown in Table 7 . As shown previously, the maximum savings potential and number of eligible irrigators drop significantly with increased MAR.
The water savings production functions shown in Figure 7 assume only over-irrigators are targeted because only these irrigators would reduce water use with BMP implementation. CDF-cumulative distribution function, pdf-probability density function occur. This exercise stresses the importance of exclusively targeting over-irrigators for outdoor BMP controls.
SUMMARY AND CONCLUSIONS
Household-level modeling of residential outdoor water use is challenging because of the significant seasonal and spatial variability that results from a wide range of factors influencing irrigation practices, including climate, price signals, individual irrigation practices, irrigation restrictions, irrigation technology, and so forth.
This article presents a systematic parcel-level data-driven procedure to quantify and predict trends and patterns of SFR potable irrigation and associated savings potential of SFR irrigation demand management strategies. First, current irrigation practices, irrigable area, and irrigation application rate are derived for each single-family residence based on parcel-level tax assessor's data linked to customer-level monthly water billing data. The results from a case study of 30,903 SFR parcels in GRU were used to demonstrate these procedures, in which 16,303 SFRs were determined to irrigate from the potable system. The results of this study show a dramatic rise in the prevalence of in-ground sprinkler systems during the past few decades, which has led to increased irrigation application rates. However, housing trends
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TABLE 6
Comparative results from 2,294 California homes (Mayer & DeOreo, 2010) show a decline in irrigable area during the same time period, which may help offset the predominance of inground sprinkler systems. Predictive equations are shown for utilities in which directly linked property and billing data are unavailable, although this data linkage greatly enhances the robustness of analyzing outdoor water use patterns. Next, customers were clustered into relatively homogeneous groups based on existing irrigation practices, irrigable area, and average application rate. Water savings were calculated directly as the difference between current and proposed use after implementation of a management option for each group. This information is used to develop performance functions that estimate total water savings as a function of number of implementations for each group. This procedure allows demand management options to be compared directly with other supply augmentation options when determining the optimal blend . The performance functions can be approximated as exponential equations, which can easily be solved for finding an optimal solution given unit costs and value of water saved. Only the small subset of customers who over-irrigate should be considered for outdoor BMPs, which are aimed at reducing irrigation to a desired threshold. The performance of outdoor BMPs is greatly affected by selection of a desired threshold or MAR. These methodologies are being incorporated into The Conserve Florida Water Clearinghouse Internetbased software (http://conservefloridawater.org/) called EZ Guide to assist Florida water utilities in evaluating water use efficiency.
FIGURE 8
Water savings production function if over-irrigators are not exclusively targeted for a target maximum application rate of 25 in./year 
